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(57) Abstract: The present invention relates to an imaging
system for imaging a field of interest, in particular to a com-
puted tomography system. The imaging system comprises an
irradiation unit (2) which moves relative to a field of inter-
estalong a first trajectory (501) and along a second trajectory
(503). While the irradiation unit (2) moves along the first tra-
jectory (501), first detection data are acquired and, while the
irradiation unit (2) moves along the second trajectory (503),
second detection data are acquired. An intermediate image
of the field of interest is reconstructed from at least the sec-
ond detection data, and virtual detection data are determined
by forward projection through the intermediate image. Fi-
nally, an image of the field of interest is reconstructed from
the first detection data and the virtual detection data.
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Imaging system

FIELD OF THE INVENTION

The present invention relates to an imaging system, an imaging method, and a
computer program for imaging a field of interest. The invention further relates to an image
generation device, an imaging generation method, and a computer program for generating an

imaging of a field of interest.

BACKGROUND OF THE INVENTION

Imaging systems are known, for example computed tomography systems (CT
systems) which are adapted to irradiate a field of interest with radiation of an irradiation unit,
like an X-ray tube which is moved relative to the field of interest along a first trajectory and
along a second trajectory. First detection data and second detection data are acquired by a
detection unit in dependence on the radiation after having passed the field of interest while
the radiation source travels along the first and the second trajectory, respectively. The first
and the second detection data are used to reconstruct an image of the field of interest. Such an
imaging system is, for example, disclosed in “Exact and efficient cone-beam reconstruction
algorithm for a short-scan circle combined with various lines” by F. Dennerlein et al.,
Medical Imaging 2005: Image Processing, edited by J. Michael Fitzpatrick, Joseph M.
Reinhardt, Proceedings of the SPIE, Vol. 5747 (SPIE, Bellingham, WA, 2005).

These known imaging systems have the disadvantage that the reconstruction
process is limited by the run of the first and second trajectories. For example, if, after
acquiring first and second detection data, the reconstruction process needs non-detected data
which should have been acquired with the irradiation unit traveling along a certain trajectory,
the acquisition has to be repeated in order to detect the missing data, so that the radiation
dose applied to the field of interest, for example to a patient, increases. In order to overcome
this drawback, the acquisition process, in particular the run of the first and the second
trajectories, has to be planned carefully, which complicates the acquisition protocols of know

imaging systems.

SUMMARY OF THE INVENTION
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It is an object of the present invention to provide an imaging system wherein
the reconstruction process is not limited by the run of the first and the second trajectories as
described above.

In a first aspect of the present invention, an imaging system for imaging a field
of interest is provided, comprising;:

- an irradiation unit emitting radiation for irradiating the field of interest,

- a moving unit for moving the irradiation unit relative to the field of interest
along a first trajectory and for moving the irradiation unit along a second trajectory,

- a detection unit for detecting first detection data depending on the radiation
after passing through the field of interest, when the irradiation unit is moved along the first
trajectory, and for detecting second detection data depending on the radiation after passing
through the field of interest, when the field of interest is irradiated along the second
trajectory,

- a reconstruction unit for reconstructing an intermediate image of the field of
interest from at least the second detection data and for reconstructing an image of the field of
interest from the first detection data and virtual detection data,

- a forward-projection unit for determining the virtual detection data by forward
projection through the intermediate image.

The invention is based on the idea that virtual detection data, which are used
for reconstructing an image, can be determined by forward projecting through an
intermediate image. The forward projecting may be performed, for example, by using an
acquisition geometry comprising a virtual desired trajectory along which a virtual irradiation
unit moves relative to the field of interest during forward projecting. This virtual trajectory
may be any arbitrary trajectory. The virtual detection data, which correspond to the virtual
acquisition geometry and, in particular, to the virtual trajectory, are used for reconstructing an
image of the field of interest. Therefore, the reconstruction process is not limited by the run
of the first and the second trajectory, because the imaging system determines desired virtual
detection data, which are used for reconstruction.

It is preferred that the first trajectory is arranged within a plane that intersects
the field of interest and that the second trajectory is arranged at least partially outside said
plane. If both trajectories were located within the same plane, only the portion of the field of
interest situated in this plane could be reconstructed exactly, i.e. with high quality. Since the
second trajectory is arranged at least partially outside the plane in this embodiment, a portion

of this field of interest not situated within the plane can also be reconstructed exactly.
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It is preferred that the moving unit is adapted such that the first trajectory is a
circular trajectory. It is further preferred that the moving unit is adapted such that the second
trajectory is a helical trajectory. These trajectories can be easily performed by imaging
systems, wherein the irradiation unit and the field of interest are rotated relative to each other.
These trajectories can be easily performed by CT systems, for example, because these
trajectories can be performed without stopping the rotational movement, for example, of the
irradiation unit relative to the field of interest.

In accordance with the invention, the helical trajectory may also be a portion
of a helical trajectory, and the circular trajectory may also be a portion of a circular
trajectory.

In an embodiment, the reconstruction unit is adapted such that only first
detection data which correspond to one or several sections on the first trajectory are used for
reconstructing the image of the field of interest. This means that these first detection data and
the virtual detection data are used for reconstructing the image of the field of interest. The
use of only these first detection data renders it possible to choose detection data which yield
reconstructed images having fewer artefacts, i.e. having a high quality. For example, if
moving elements are present within the field of interest, only the first detection data may be
used for reconstruction, which data were acquired while the movement of these moving
clements was relatively slow or while these moving elements did not move at all.
Furthermore, if the moving elements move, for example, periodically, the first detection data
used for reconstruction may be chosen such that the moving elements are always in the same
moving phase while these first detection data are being acquired. The moving elements are
preferably the moving parts of a heart.

It is further preferred that the forward-projection unit is adapted such that the
forward projection is done along a virtual trajectory arranged such that it matches the first
detection data which are used to reconstruct the image of the field of interest, so as to obtain
complete data for reconstructing the image of the field of interest. Since complete data are
obtained in this embodiment, an image of the field of interest can be reconstructed exactly,
which leads to the reconstruction of a high-quality image.

It is further preferred that the forward-projection unit is adapted such that the
virtual trajectory is arranged such that it intersects the plane at the one or several sections on
the first trajectory. Furthermore, it is preferred that the forward-projection unit is adapted
such that the virtual trajectory is arranged such that it intersects the plane at an endpoint of

the one or several sections on the first trajectory. It is also preferred that the forward-
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projection unit is adapted such that the virtual trajectory is a line perpendicular to the plane.
These virtual trajectories further improve the quality of the reconstructed images.

It is further preferred that the reconstruction unit is adapted such that the first
detection data, which are used to reconstruct the image of the field of interest, are short-scan
data. Short-scan data are data which cover less than a full rotation of the gantry. For example,
if a first trajectory is a circular trajectory and if the imaging system is a CT system, short-
scan data comprise data such that, seen from each object point to be reconstructed, each of
these object points is irradiated by rays covering an angular range between 180° and 360°
along the circular trajectory, i.c. the short-scan data correspond, for example, to a movement
of an irradiation unit along a section of the circular trajectory having an angular width of
180° plus fan angle. The use of short-scan data is particularly useful if moving elements have
to be reconstructed, because data of a small time window are used, i.e. the temporal
resolution is increased.

It is also preferred that the reconstruction unit is adapted such that the first
detection data, which are used to reconstruct the image of the field of interest, comprise
several short-scan data sets, wherein different short-scan data sets correspond to different
sections on the first trajectory. This renders it possible to use overscan data for reconstructing
the image, yielding an improved signal-to-noise ratio and, therefore, a further improved
image quality.

It is also preferred that the reconstruction unit is adapted such that
reconstructing the intermediate image comprises the following steps:

- reconstructing voxels of the intermediate image which have not been
irradiated over an angular range of 360° along the first trajectory by using the second
detection data,

- reconstructing voxels of the intermediate image which have been irradiated
over an angular range of 360° along the first trajectory by using the first detection data and
the second detection data.

Since voxels of the intermediate image which have been irradiated over an
angular range of 360° along the first trajectory are reconstructed from not just the second
detection data, but also from the first detection data , the quality of the reconstructed
intermediate image is further improved, which results in a further improvement of the final
reconstructed image. In another embodiment, only the second detection data can be used for

reconstructing the intermediate image.
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It is also preferred that the reconstruction unit is adapted for exactly
reconstructing at least one of the intermediate image and the image of the field of interest
which is reconstructed from the first detection data and the virtual detection data. Since the
intermediate image and/or the final image are reconstructed exactly, the quality of these
images is further improved.

In a further aspect of the present invention, an image generation device for
generating an image of a field of interest is provided, the image generation device being
provided with first detection data detected by a detection unit when an irradiation unit
emitting radiation for irradiating the field of interest is moved relative to the field of interest
along a first trajectory, the first detection data being dependent on the radiation after passing
through the field of interest, and the image generation device being provided with second
detection data detected by the detection unit when the irradiation unit is moved relative to the
field of interest along a second trajectory, the second detection data being dependent on the
radiation after passing through the field of interest, comprising:

- a reconstruction unit for reconstructing an intermediate image of the field of
interest from at least the second detection data and for reconstructing an image of the field of
interest from the first detection data and virtual detection data,

- a forward-projection unit for determining the virtual detection data by forward
projection of the intermediate image.

In a further aspect of the invention an imaging method for imaging a field of
interest is provided, comprising the steps of:

- irradiating the field of interest by means of an irradiation unit that emits
radiation,

- moving the irradiation unit relative to the field of interest along a first
trajectory and along a second trajectory by means of a moving unit,

- detecting first detection data depending on the radiation after passing through
the field of interest when the irradiation unit is moved along the first trajectory, and detecting
second detection data depending on the radiation after passing through the field of interest
when the field of interest is irradiated along the second trajectory, by means of a detection
unit,

- reconstructing an intermediate image of the field of interest from at least the
second detection data by means of a reconstruction unit,

- determining the virtual detection data by forward projecting through the

intermediate image by means of a forward-projection unit,
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- reconstructing an image of the field of interest from the first detection data and
virtual detection data by means of the reconstruction unit.

In a further aspect of the invention, an image generation method for generating
an image of a field of interest is provided, the image generation method using first detection
data detected by a detection unit when an irradiation unit emitting radiation for irradiating the
field of interest is moved relative to the field of interest along a first trajectory, the first
detection data being dependent on the radiation after passing through the field of interest, and
the image generation method using second detection data detected by the detection unit when
the irradiation unit is moved relative to the field of interest along a second trajectory, the
second detection data being dependent on the radiation after passing through the field of
interest, comprising the steps of:

- reconstructing an intermediate image of the field of interest from at least the
second detection data by means of a reconstruction unit,

- determining virtual detection data by forward projection of the intermediate
image by means of a forward projection unit,

- reconstructing an image of the field of interest from the first detection data and
the virtual detection data by means of the reconstruction unit.

In a further aspect of the invention, a computer program for imaging a field of
interest is provided, comprising program code means for causing an imaging system to carry
out the steps of the method as claimed in claim 15 when the computer program is run on a
computer that controls an imaging system as claimed in claim 1 or 2.

In a further aspect of the invention, a computer program for generating an
image of a field of interest is provided, comprising program code means for causing a
computer to carry out the steps of the method as claimed in claim 16 when the computer
program is run on a computer that controls an image generation device as claimed in claim

14.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will be apparent from and elucidated
with reference to the embodiments described hereinafter. In the following drawings

Fig. 1 diagrammatically shows an embodiment of an imaging system in
accordance with the invention,

Fig. 2 is a flowchart illustrating an embodiment of an imaging method for

imaging a field of interest in accordance with the invention,
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Fig. 3 diagrammatically shows a first trajectory and a second trajectory along
which an irradiation unit of the imaging system travels,

Fig.4 1is a flowchart illustrating a reconstruction of an intermediate image in
accordance with the invention.

Figs. 5 to 8 show projections of trajectories an a planar detector,

Figs. 9 to 12 show filter lines on the planar detector,

Fig. 13 diagrammatically shows the first trajectory and a virtual trajectory,

Fig. 14 diagrammatically shows a focus detector according to a filtered back-
projection method in accordance with the invention,

Fig. 15 diagrammatically shows a center detector according to a filtered back-
projection method in accordance with the invention,

Figs. 16 and 17 diagrammatically show parallel rays parameterized by focus
detector coordinates according to a filtered back-projection method in accordance with the
invention,

Figs. 18 and 19 diagrammatically show parallel rays parameterized by center-
detector coordinates according to a filtered back-projection method in accordance with the
invention,

Fig. 20 shows a projection of a first trajectory, which is a circular trajectory on
the planar detector,

Fig. 21 shows a projection of the circular trajectory on the planar detector,

Figs. 22 and 23 show filter lines with filter directions from left to right
according to a filtered back-projection method in accordance with the invention, and

Figs. 24 and 25 show filter lines with filter directions from right to left

according to a filtered back-projection method in accordance with the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Fig. 1 shows an imaging system, a CT system in this embodiment. The CT
system includes a gantry 1 which is capable of rotation about an axis of rotation R which
extends parallel to the z-direction. The irradiation unit 2, an X-ray tube 2 in this embodiment,
is mounted on the gantry 1. The X-ray tube is provided with a collimator device 3, which
forms a conical radiation beam 4 from the radiation generated by the X-ray tube 2. The
radiation traverses an object (not shown), such as a patient, in a field of interest in a

cylindrical examination zone 5. After having traversed the examination zone 5, the X-ray
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beam 4 is incident on an X-ray detection unit 6, which is a two-dimensional detector mounted
on the gantry 1 in this embodiment.

The gantry 1 is driven at a preferably constant, but adjustable angular speed by
a motor 7. A further motor 8 is provided for displacing the object, ¢.g., a patient who is
arranged on a patient table in the examination zone 5, parallel to the direction of the axis of
rotation R or the z-axis. These motors 7, 8 are controlled by a control unit 9, for example
such that the irradiation unit 2 and the examination zone 5 move relative to each other along
a helical trajectory. However, it is also possible that the object or the examination zone 5 is
not moved, but that only the X-ray tube 2 is rotated, i.¢., that the irradiation unit 2 and the
examination zone 5 move relative to each other along a circular trajectory. In this
embodiment, the X-ray tube 2 is moved along a first, circular trajectory and along a second,
helical trajectory.

The motors 7, 8, the gantry 1, and preferably a patient table form a moving
unit in this embodiment.

First detection data are acquired when the X-ray tube 2 travels along the first
trajectory, and second detection data are acquired when the X-ray tube 2 travels along the
second trajectory. These detection data are acquired by the detection unit 6.

The data acquired by the detection unit 6 are provided to an image generation
device 10 for image processing, in particular for reconstructing an image of the field of
interest. The reconstructed image can finally be provided to a display 11 for displaying the
image. Also, the image generation device 10 is preferably controlled by the control unit 9.
Alternatively or in addition, the image generation device 10 may comprise a control unit for
controlling the image generation device 10 only.

The image generation device 10 comprises a forward-projection unit 12 and a
reconstruction unit 13. The reconstruction unit 13 is adapted for reconstructing an
intermediate image of the field of interest using at least the second detection data. The
forward-projection unit 12 is adapted for determining virtual detection data by forward
projecting through the intermediate image. Any virtual trajectory, on which the X-ray source
2 virtually travels, may be used during forward projecting. The reconstruction unit 13
reconstructs a final image of the field of interest from the first detection data and the virtual
detection data.

In this embodiment, the imaging system further comprises a unit 14 for
determining motion within the field of interest. If the field of interest comprises moving

clements, the unit 14 generates moving values corresponding to the movement of the moving
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elements within the field of interest. The unit 14 is, for example, an electrocardiograph,
which is connected to a patient present in the field of interest, wherein, in particular, the heart
of the patient is present within the field of interest. The moving values generated by the unit
14 are transferred to the image generation device 10, which can use the moving values for
improving the quality of the reconstructed images. This will be explained in more detail
further below.

The unit 14 for determining motion within the field of interest is preferably
also controlled by the control unit 9. The moving values may be transferred to the image
generation device 10 directly or via the control unit 9.

An embodiment of a method for imaging a field of interest in accordance with
the invention will now be described in more detail with reference to a flowchart shown in
Fig. 2.

After initialization of the imaging system in step 101, first detection data and
second detection data are acquired in step 102. In order to acquire first detection data, the X-
ray tube 2 rotates around the field of interest, and the field of interest or the object is not
moved, i.e. the X-ray tube 2 travels along a circular trajectory around the field of interest. In
order to acquire the second detection data, the X-ray tube 2 rotates around the field of
interest, and the field of interest or the object is moved parallel to the z direction, i.e. the X-
ray tube 2 travels along a helical trajectory. These two trajectories can be performed by the
imaging system by constantly rotating the X-ray tube 2 around the axis of rotation R and by
modifying the movement of the field of interest or the object parallel to the z direction. The
field of interest or the object can be moved by moving, for example, a patient table on which
the object, for example, a patient, is located. The rotation of the X-ray tube 2 has not been
modified, i.e., both trajectories can be performed, while the X-ray tube 2 rotates with
constant angular speed.

Fig. 3 shows schematically a first trajectory 501 being in this embodiment a
circular trajectory and a second trajectory 503 being in this embodiment a helical trajectory.
The irradiation unit 2 travels along these trajectories 501, 503.

It is preferred that in step 102 moving values are also acquired by the unit 14
for determining motion within the field of interest. The moving values are, for example,
electrocardiograms which are transferred from the unit 14 to the image generation device 10.
The first detection data and the second detection data are also transferred to the image

generation device 10.
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In step 103, the reconstruction unit 13 of the image generation device 10
reconstructs an intermediate image of the field of interest from at least the second detection
data. In particular, an X-ray reconstruction algorithm is used to reconstruct the intermediate
image. For example, if the second trajectory is a helical trajectory, the intermediate image is
preferably reconstructed by the method described in ”EnPiT: Filtered Back-Projection
Algorithm for Helical CT Using an n-Pi Acquisition” by C. Bontus, et.al., IEEE
Trans.Med.Imaging 24, 977-986 (2005). Other known reconstruction algorithms may also be
used to reconstruct the intermediate image, for example, filtered back-projection algorithms
may be used to reconstruct the intermediate image.

In step 103 for reconstructing the intermediate image, it is preferred that, if the
second trajectory is a helical trajectory and if the first trajectory is a circular trajectory, a
reconstruction of the helical or second detection data by an exact helical method, for example
as described in the cited article by C. Bontus, et al., is applied only to object points which
have not been irradiated over an angular interval of 360° along the circular or first trajectory.
Object points irradiated over an angular interval of 360° along the circular or first trajectory
are preferably reconstructed in step 103 using a full-scan circle and helix reconstruction. A
preferred full-scan circle and helix reconstruction will be described below with reference to a
flowchart shown in Fig. 4.

In step 201, the detected data are differentiated. In order to explain this
differentiation, the preferred acquisition process will first be described mathematically.

The measured projection data Dy can be described by following equation for

every position y on the first or second trajectory:
D, (y.0) = dif (y+10) (1)
0

In other words, from every position y on the first or second trajectory, line
integrals along rays which traverse the field of interest f(x) and which are detected by the
detection unit 6 are considered, the unit vector @ pointing in the directions of the respective
rays.

The differentiation of the first and second detection data in step 201 is

preferably performed in accordance with the following equation:
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9D, ( y(s),0 = const.)
os

Di(y(5).0)= 2

The variable s parameterizes different positions on the first and the second
trajectory.

Detected data values which correspond to parallel X-rays emanating from
different focal spot positions are thus differentiated. This differentiation step may be
performed using a Fourier filter. This differentiation is performed separately for the circular
trajectory and the helical trajectory, which may be a portion of a helical trajectory, and is
explained in more detail in “A quasiexact reconstruction algorithm for helical CT using a 3-
Pi acquisition” by C. Bontus et al., Med.Phys. 30, 2493-2502 (2003).

In step 202, a virtual planar detector 605 is defined, which is described in the
above-mentioned reference “A quasiexact reconstruction algorithm for helical CT using a 3-
Pi acquisition” by Bontus, C. et al., Med.Phys. 30, 2493-2502 (2003). The virtual planar
detector contains the rotational axis R. Coordinates on this detector are denoted upr. and vy,
wherein the vpr-axis is parallel to the z-axis. A line is considered containing the source and
being perpendicular to the virtual planar detector. The point (upr, = 0, vpr, = 0) corresponds to
the point at which this line intersects the planar detector.

Furthermore, the circular 501 and the helical 503 trajectory are projected along
the corresponding X-rays 505 onto the virtual planar detector, only the four outermost X-rays
being illustrated in Fig. 3, which shows a focus centered detector.

The projection 603 of the circular trajectory 501 and the projections 601a,
601b of the helical trajectory 503 are shown in Figs. 5 to 7, seen from a focal spot position on
the helical trajectory 503. From Fig. 5 to Fig. 7 the focal spot moves on the helical trajectory
503, i.c. the projections 603, 601a, 601b are seen from different focal spot positions, the focal
spot being positioned on one side of the circular position in Fig. 5, the focal spot being
positioned on the same side of, but closer to the circular position in Fig. 6, and the focal spot
being positioned on the other side of the circular position in Fig. 7.

Two turns of the helical trajectory 503 are projected onto the planar detector
605. Thus, Figs. 5 to 7 show two projections 601a, 601b of turns of the helical trajectory 503.
The line 603 is the projection of the circular trajectory 501.

The projection 603 of the circular trajectory 501 can be parameterized

according to the following equation:
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vpz<upl>=—22—°[1+<“—g)2] . 3)

Equation (3) describes a projection seen from a source at z=z. R corresponds
to the distance from the source, for example the focal spot of the X-ray tube 2, to the
rotational axis.

The projections 601a, 601b of the turns of the helical trajectory 503 on the

planar detector 605 can be parameterized according to the following equation:

2
VIV (4 )= %R {1 + (%] J(g F arcan%] : 4)

wherein v, (up, ) defines the upper projection 601a of the turns of the helical

down

trajectory 503 and wherein vy™" (u,,) defines the lower projection 601b of the turns of the

helical trajectory 503. The algebraic sign “+” corresponds to vy (uy ), and the algebraic sign

XS

corresponds to the vio¥ (u,,).

The solid line 607 passes the center of the planar detector 605 and is the
asymptote, which has a positive gradient, to the projections 601a, 601b of the helical
trajectory 503. The solid lines 609a, b are the tangents to the projection 603 of the circular
trajectory and to the upper projection 601a and to the lower the projection 601b of the helical
trajectory 503, respectively, depending on the position of the focal spot relative to the circular
position. That is, if the projection 603 of the circular trajectory is located in the upper part of
the planar detector 605 (Figs. 5 and 6, zy < 0), the solid line 609a is the tangent to the
projection 603 of the circular trajectory and to the upper projection 601a of the helical
trajectory 503, and if the projection 603 of the circular trajectory is located in the lower part
of the planar detector 605 (Fig. 7, zo > 0), the solid line 609b is the tangent to the projection
603 of the circular trajectory and the lower projection 601b of the portion 503 of the helical
trajectory, wherein, in this embodiment, the circular trajectory is located at z = 0.

Fig. 8 shows the upper portion of Fig. 5 on a larger scale.

The helically detected data values and the circularly detected data values, i.e.
the second detection data and the first detection data, are projected onto the planar detector

605 along the corresponding X-rays.
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In step 203, the helically detected data and the circularly detected data are
filtered along filter lines using a 1/sin v filter. The filter lines for this are determined first.
They depend on the position of the focal spot and the object point to be reconstructed.
Denoting the position of the object-point as x and the position of the source as y(s), wherein s

is an angular parameter, the following equation defines the unit vector b:

_ x—)(s)
b(s,x)—|x_y(s)| . (5)

That is to say, b points from the source to the object-point. The filter
directions, which are defined as the directions along filter lines, can be characterized by unit
vectors e which are perpendicular to b. The relationship between e-vectors and filter lines,
and directions along the filter lines, is described in the appendix of “A quasiexact
reconstruction algorithm for helical CT using a 3-Pi acquisition” by C. Bontus et al., Med.
Phys. 30, 2493-2502 (2003), which is incorporated herein by reference. For every s and for
every X, there may be one or more filter directions which have to be used.

Using b and e, the filtering step can be described by the following equation in

this embodiment:

N/ T d , )
Pis.b)=Y n, | SiTYDf(y(s),cosYb+smyeq) . 6)
g=l Y

1%

The summation over ¢ in equation (6) is performed because there may be more
than one filter direction, i.e. more than one filter line and corresponding direction along the
filter line for each detected data value, each detected data value corresponding to a
combination of s and b. A definition of the vectors e is crucial for the described embodiment.
Once the filtered data have been obtained, a back-projection step can be performed.

Certainly, the described procedure has to be applied separately to the circular
trajectory 501 and to the helical trajectory 503. In particular, y(s) corresponds to either the
circular trajectory or the helical trajectory in this embodiment. Finally, the results of the
back-projection step 205, which will be described further below, are added up.

The filter lines of the circularly detected data are defined according to the

following equation:
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Vi (Up )=V, +Cup . (7N

Thus, the filter lines correspond to straight lines on the planar detector. In
general, the gradient ¢ is different for different filter lines, but in this embodiment the
gradient ¢ is identical for all filter lines of circularly detected data, i.e. these filter lines are
parallel to each other. Furthermore, the circularly detected data are filtered along filter lines

which are parallel to the u,, -axis, i.e. v, (14 ) =V, in this embodiment. The different filter
lines are parameterized by v, .

The filter direction goes from left to right along the respective filter lines in
the orientation shown in Figs. 9 to 12. The orientation refers to a right-handed coordinate
system wherein the u,, -axis is the first axis, wherein the v, -axis is the second axis, and
wherein the third axis points in the direction from the center of the planar detector towards

the X-ray source. The u,, -axis points from left to right. The v, -axis points from the bottom

2% ¢ 2% ¢

to the top. In this description the terms “left”, “right”, “above”, “below”, “positive gradient”,
“negative gradient” etc. refer to this right-handed coordinate system.

The filter lines and helically detected data, which will be ignored during
reconstruction of the intermediate image in this embodiment, will first be explained with
reference to situations in which the focal spot is positioned on the side of the circular position
as illustrated by Figs. 5, 6, 8, i.e. in which the projection 603 of the circular trajectory is
located in the upper part of the virtual planar detector. If the circular position is located at

z, =0, these situations illustrated in Figs. 5, 6, 8 correspond to z, <0.

Helically detected data which are projected onto certain regions on the planar
detector are not used for reconstruction and are therefore not filtered. These regions comprise
all points on the planar detector lying above the projection 603 of the circle, all points lying
above the upper projection 601a of the portion 501 of the helical trajectory, and all points

with u,, -coordinates between two points of tangency 611, 613 (see Fig. 8) of the tangent

609a, which is tangential to the projection 603 of the circular trajectory 501 and to the upper
projection 601a of the helical trajectory 503, and which are located above this tangent 609a.
Two sets of filter lines are defined for the helically detected data, i.e. for
helically detected data in equation (6) Ny is equal to 2 in this embodiment.
A first set of filter lines for helically detected data is determined as follows.
For a helically detected data value whose projection on the planar detector 605 is located

below the asymptote 607, the corresponding filter line is parallel to the asymptote 607, i.c.
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parallel to the derivative p, (s) of the helical trajectory 503, wherein the helical trajectory is
denoted y, (s). If the projection of the helically detected data value is located above the

asymptote 607, the corresponding filter line is either tangential to the projection 603 of the
circular trajectory 501 or tangential to the upper projection 601a of the helical trajectory 503,
the point of tangency being located on the right-hand side of the location of the projection of
the corresponding helically detected value on the planar detector 605. The decision whether
the filter lines are tangential to the projection 603 of the circular trajectory 501 or tangential
to the upper projection 601a of the helical trajectory 503 depends on the gradients of the
corresponding tangents. If the gradient of the corresponding tangent of the projection 603 of
the circular trajectory 501 is smaller than that of the tangent of the upper projection 601a of
the helical projection 503, the filter line is tangential to the projection 603 of the circular
trajectory 501. If the gradient of the corresponding tangent of the projection 603 of the
circular trajectory 501 is greater than that of the tangent of the upper projection 601a of the
helical projection 503, the filter line is tangential to the upper projection 601a of the helical
trajectory 503.

The respective tangents run through the respective detected data value for
which a filter line has to be determined. Thus, the gradient of the respective tangent is
defined by the position of the projected helically detected data value on the planar detector.

The algebraic sign is considered in the comparison of gradients. Thus, a
negative gradient with a greater absolute value is smaller than a negative gradient having a
smaller absolute value.

The helically detected data are filtered from the left to the right along the filter
lines of the first set of filter lines.

A first set of filter lines 608, 610 is shown in Figs. 9 and 10 for two different
focal spot positions on the helical trajectory, wherein zy is negative. The helically detected
values, projected onto the virtual planar detector are filtered along the filter lines 608, 610
from left to right, i.e. in the direction indicated by the arrows 612.

A second set of filter lines is determined as follows. For a helically detected
data value which has been projected onto the planar detector 605 the corresponding filter line
is either tangential to the projection 603 of the circular trajectory 501 or tangential to the
upper projection 601a of the helical trajectory 503, the point of tangency being located on the
left-hand side of the location of the projection of the corresponding helically detected value
on the planar detector 605. The decision whether the filter lines are tangential to the

projection 603 of the circular trajectory 501 or tangential to the upper projection 601a of the
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helical trajectory 503 depends on the gradients of the corresponding tangents. If the gradient
of the corresponding tangent of the projection 603 of the circular trajectory 501 is smaller
than that of the tangent of the upper projection 601a of the helical projection 503, the filter
line is tangential to the upper projection 601a of the helical trajectory 503. If the gradient of
the corresponding tangent of the projection 603 of the circular trajectory 501 is greater than
that of the tangent of the upper projection 601a of the helical projection 503, the filter line is
tangential to the projection 603 of the circular trajectory 501.

The helically detected data are filtered from the right to the left along the filter
lines of the second set of filter lines.

A second set of filter lines 614, 616 is shown in Figs. 11 and 12 for two
different focal spot positions on the portion of the helical trajectory, wherein z, is negative.
The helically detected values projected onto the virtual planar detector are filtered along the
filter lines 614, 616 from right to left, i.e. in the direction indicated by the arrows 618.

Above, the filter lines and the ignored helically detected data, i.e. the helically
detected data not filtered which will not be back-projected further below, are described for
helically detected data whose corresponding focal spot position is located on a side of the

circular position which corresponds to the situations illustrated in Figs. 5, 6, 8, i.¢. for z, <0.

The above description of the filter lines can be analogously applied to situations in which the

focal spot is located on the opposite site of the circular position, i.e. for z, >0, wherein the

terms “upper projection 601a of the helical trajectory 503” or the like has to be substituted by
“lower projection 601b of the helical trajectory 503”. Furthermore, the terms “upper”, above”
etc. have to be substituted by “lower”, “below” etc. and vice versa.

In particular, a first set of filter lines for helically detected data for zp>0 is
determined as follows. For a helically detected data value whose projection on the planar
detector 605 is located above the asymptote 607, the corresponding filter line is parallel to the
asymptote 607, i.e. parallel to the derivative y, (s) of the helical trajectory 503. If the

projection of the helically detected data value is located below the asymptote 607, the
corresponding filter line is either tangential to the projection 603 of the circular trajectory 501
or tangential to that of the lower projection 601b of the helical trajectory 503, the point of
tangency being located on the left-hand side of the location of the projection of the
corresponding helically detected value on the planar detector 605. The decision whether the
filter lines are tangential to the projection 603 of the circular trajectory 501 or tangential to

the lower projection 601b of the helical trajectory 503 depends on the gradients of the
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corresponding tangents. If the gradient of the corresponding tangent of the projection 603 of
the circular trajectory 501 is smaller than that of the tangent of the lower projection 601b of
the helical projection 503, the filter line is tangential to the projection 603 of the circular
trajectory 501. If the gradient of the corresponding tangent of the projection 603 of the
circular trajectory 501 is greater than that of the tangent of the lower projection 601b of the
helical projection 503, the filter line is tangential to the lower projection 601b of the helical
trajectory 503. The direction of filtering goes from left to right.

A second set of filter lines for zo>0 is determined as follows. For a helically
detected data value projected onto the planar detector 605, the corresponding filter line is
either tangential to the projection 603 of the circular trajectory 501 or tangential to the lower
projection 601b of the helical trajectory 503, the point of tangency being located on the right-
hand side of the location of the projection of the corresponding helically detected value on
the planar detector 605. The decision whether the filter lines are tangential to the projection
603 of the circular trajectory 501 or tangential to the lower projection 601b of the helical
trajectory 503 depends on the gradients of the corresponding tangents. If the gradient of the
corresponding tangent of the projection 603 of the circular trajectory 501 is smaller than that
of the tangent of the lower projection 601b of the helical projection 503, the filter line is
tangential to the lower projection 601b of the helical trajectory 503. If the gradient of the
corresponding tangent of the projection 603 of the circular trajectory 501 is greater than that
of the tangent of the lower projection 601b of the helical projection 503, the filter line is
tangential to the projection 603 of the circular trajectory 501. The direction of filtering goes
from right to left.

After determination of the filter lines and the corresponding directions along

the filter lines, the detected data are filtered according to equation (6) using a 1/sin7y filter.

A detected data value is parameterized by a combination of s and b, wherein
for each circularly detected data value, i.e. for each first detection data value, one filter line is
determined in this embodiment, and wherein for each helically detected data value, i.e. for
each second detection data value, two filter lines are determined in this embodiment. If a
filtered detected data value P(s, b) is determined for a combination of s and b and a
corresponding filter line, the angle vy is the angle between the vector b and the vector pointing
from the focal spot position to the different detected data values projected onto the planar
detector on the corresponding filter line. Thus, the angel y samples the different detected data

values along the corresponding filter line. A more detailed description of this 1/sin v filter is
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given in “A quasiexact reconstruction algorithm for helical CT using a 3-Pi acquisition” by
C. Bontus et.al, Med.Phys.30(9) pp.2493--2502 (2003).

A filter line determined for a helically detected value projected onto the planar
detector obviously runs through this projected helically detected value, which can be
parameterized by a combination of s and b.

In step 204, the filtered detected data are weighted according to equation (6)
with the weights W . The filtered helically detected data filtered along filter lines of the first

set of filter lines are weighted with a value of one half. The filtered helically detected data
filtered along filter lines of the second set of filter lines are also weighted with a value of one
half. The filtered circularly detected data are weighted with a value of one.

In step 205, the weighted filtered helical data filtered along filter lines of the
first set of filter lines, the weighted filtered helical data filtered along the filter lines of the
second set of filter lines, and the weighted filtered circularly detected data are back-projected
according to the following equation, wherein each data value is divided by the distance
between the corresponding position y of the focal spot and the location x of the object of

interest, 1.e. the position of the voxel of the image that is to be reconstructed:

(=D

ds
s [T ®

f(x)=

If all locations x of the object of interest have been reconstructed by back-
projection, the intermediate image has been reconstructed.

Although the filter lines and directions along these filter lines have been
defined here using projections on a virtual planar detector, the reconstruction of the
intermediate image may alternatively be carried out without the use of this planar detector.
This virtual planar detector is used only to illustrate the filter lines and the direction along
these filter lines for the detected data values.

A multi-cycle cardiographic reconstruction is performed with the use of the
first detection data, i.e. the circular data, for the reconstruction of object points within the
field of interest which have been irradiated over an angular interval of 360°, using the above
described full-scan circle and helix reconstruction.

Those projections which are closest to the selected phase point are preferred
for the multi-cycle reconstruction. In particular, if the first projection data belong to a circle

which is covered more than once, a weighted averaging of the projection data belonging to
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the same angular source position can be performed, resulting in projection data covering only
a single circle. Here, the averaging should be performed such that projections closest to the
selected phase point are given the highest weights. Such multi-cycle reconstructions are
disclosed, for example, in “ECG Gated continuous circular cone-beam multi-cycle
reconstruction for in-stent coronary artery imaging: A phantom study” by U.van Stevendaal
et. al., Proc.SPIE vol.6142 (2006).

The advantage of distinguishing between object points which have not been
irradiated over an angular interval of 360° and object points which have been irradiated over
an angular interval of 360° is that contrast agents, which may be present within the field of
interest during the acquisition of the first detection data and which have not been present
during the acquisition of the second detection data, cannot have an adverse effect and that the
motion of the heart and the respiratory motion produce fewer artefacts in the reconstructed
image of the field of interest.

In step 103, and in particular in steps 201 to 205, a reconstructed intermediate
image of the field of interest is transferred to the forward-projection unit 12, which performs
a forward projection through the intermediate image in step 104. The forward projection is
performed in this embodiment by using a virtual trajectory along which the irradiation unit
virtually travels. The first trajectory is a circular trajectory in this embodiment, and the first
detection data are detection data acquired while the irradiation unit has been traveling over an
angular range of 180° plus fan angle along the first trajectory, i.c. the first detection data are
short-scan data in this embodiment. The virtual trajectory in this embodiment is a line
parallel to the z axis and intersecting the first trajectory at one of the end points of a section
along the first trajectory, which covers an angular range of 180° as seen from the respective
object point, which has to be reconstructed. This angular range of 180° is indicated below by
the term “back-projection interval”. In other embodiments, the back-projection interval may
correspond to a different angular range of short-scan data.

Preferably, a back-projection interval and a virtual trajectory are determined
for each object point which has to be reconstructed, i.e. for each point within the field of
interest, and a forward-projection along the respective virtual trajectory is performed. The
relation between the back-projection interval on the first trajectory and the virtual line is
diagrammatically shown for a point 26 within the field of interest in Fig. 13.

Fig. 13 shows the first trajectory 501 and a back-projection interval 23 on the
first trajectory 501. The virtual trajectory 24 runs parallel to the z-axis and intersects the first
trajectory 501 at the end point 25 of the back-projection interval 23. The location 26 within
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the field of interest is an exemplary location within the field of interest which can be
reconstructed from first detection data, which correspond to the back-projection interval 23,
and from virtual detection data, which are generated by forward projection through the
intermediate image, while a virtual irradiation unit travels along the virtual line 24.

It is preferred that the back-projection interval is chosen such that moving
elements within the field of interest, for example a human heart within the field of interest,
have moved slowly during an acquisition of the first detection data, in particular have moved
as slowly as possible. Furthermore, if the moving elements within the field of interest move
periodically, in particular if the moving element within the field of interest is a human heart,
it is preferred that several sets of first detection data are acquired or chosen for the
reconstruction, such that the moving elements within the field of interest have been in the
same moving phase during the acquisition of these several sets of first detection data. That is,
known gating methods can be used, which are, for example, disclosed in “Cardiac Cone
Beam CT” by R. Manzke, PhD Thesis, King’s College London, September 2004. This
document is incorporated by reference into the present document and can be obtained, for
example, via ww.cardiac.net.

After virtual detection data have been determined by forward-projection
through the intermediate image, while a virtual irradiation unit travels along a virtual
trajectory, an image of the field of view is reconstructed in step 105 using the first detection
data and the virtual detection data. Known standard reconstruction algorithms, for example a
filtered back-projection algorithm, can be used for this final reconstruction. It is preferred,
however, that the first trajectory is a circular trajectory and that the virtual trajectory is a line
parallel to the z-axis, and that this final reconstruction is performed by using the circle-and-
line reconstruction method to be described below.

This circle-and-line reconstruction method is a filtered back-projection method
which will be described based on the circular trajectory and a linear virtual trajectory.

In the filtered back-projection method according to an embodiment of the
invention, the circular trajectory is contained in the xy-plane and the virtual line is parallel to
the z-axis. The latter will be denoted as a z-line. Points on this trajectory sequence can be

parameterized according to equation (9):

Rcoss R

y,(s)=| Rsins |, y(z)=|0 . )
0 z
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In equation (9), R corresponds to the distance from the source to the rotational
axis, and s is an angular variable parameterizing the trajectory.

In the following, an analysis of detector shapes will be described.

A conventional CT scanner usually contains a detector, which is part of a
cylinder surface. The axis of symmetry of this cylinder may be parallel to the z-axis and may
contain the focal spot. Points on such a “focus detector” can be parameterized using an
angular variable o and a variable vg. For a source located on the z-line at z=z,, a vector rg

pointing from the origin to the element on the focus detector is given by equation (10):

R—Dcosq
re(0,v,,z, )= Dsna : (10)

Zy+ Ve

In equation (10), D corresponds to the distance from the source to the detector
center.

For convenience, a virtual “center detector” may be introduced. Similar to the
focus detector, the center detector is located on the surface of a cylinder. The axis of
symmetry of the cylinder corresponds to the z-axis now such that the points on the detector

can be parameterized by introducing a vector rc:

—RcosP
r(B.wv.,z,)=| Rsinp ) (11)

Zy + Ve

In equation (11), B and vc are detector coordinates in complete analogy to the
focus detector coordinates o and vy. Fig. 14 and Fig. 15 exemplify the trajectory and the
focus and center detector. Particularly, Fig. 14 shows the focus detector approach, whereas
Fig. 15 shows the center detector approach.

The line containing the focal spot and a certain focus detector element can be

parameterized as lp, see equation (12):
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R — Dcoso
l.(0v.,2y,0 )=| 0 |[+06| Dsinot | 0o <1 . (12)
Zy Vrp

Using equation (12), the coordinates of the detector element onto which an

object point x = (X, y, z) is projected can be computed:

(13)

Similarly, the line containing the focal spot and a center detector element can

be parameterized according to equation (14):

R —R(1+cosP)
I.(B,ve,zy,0)=| 0 |+0 Rsin L, 0<0 <1 ) (14)
Zy Ve

The object-point is projected onto the detector element with coordinates:

B ¥ R—x R—x z—z,
= 0= = = Ve = :
R-—x R(1+cosB) 2Rcos =

(15)

The coordinates o and B depend only on x, y for the focus detector as well as
for the center detector, whereas vy and ve depend on x, y, and z.

In the following, an analysis of parallel rays will be described.
A physical detector may comprise columns and rows. The corresponding detector elements
may be equidistantly separated in the variables o and vy. Therefore, equations (16) and (17)

parameterize the centers of the detector elements for fixed z=zy:

o, =0, +kAo, k=0,..#columns—1 , (16)

VFp =Vg +pAVF, p :O,...,#I”OWS -1 . (17)
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It may be convenient for mathematical reasons to reorganize the data taken
along the z-line before the back-projection is performed. Data from different source-positions
may be combined for projection data associated with a parallel detector. If center detector
coordinates are used, the parameterization of the coordinates in parallel geometry is given,

for a fixed v¢, by equations (18), (19):

B, =B, +4AB, k=0,.. #columns—1 , (18)
Zop = Zomin T PAz, p=0,...# projections — 1 - (19)

In equations (18) and (19), Az corresponds to the distance between two
successive projections on the trajectory line. Figs. 16 to 19 each exemplify two parallel
projections, for the focus detector and for the center detector, respectively. Particularly, Fig.
16 and Fig. 17 show parallel rays parameterized by focus detector coordinates. Fig. 18, Fig.
19 show parallel rays parameterized by center detector coordinates.

Since ve is fixed for a given parallel projection, equation (15) can be used in
order to determine the detector column and the detector row onto which a given object point
X = (X, Y, z) 1s projected. For this, f and ¢ are first computed, and then these values are used
in order to determine zy=z — ¢ vc.

In the following, an analysis of the reconstruction scheme, which is
preferentially used for reconstruction a final image of the field of interest by using circular
first detection data and virtual linear detection data, will be illustrated.

For every position y on the trajectory, the measured projection data Dy can be

described by equation (20), which corresponds to the equation (1):
D(y.0)=|dif (y+10) . Q0
0

In other words, line integrals along rays from every position y are considered,
pointing in a certain set of directions described by different unit vectors 0. For convenience,
y((s) = yr(z=hs) is preferably set for the z-line, where h>0 is an arbitrary constant.

A first reconstruction step consists of differentiating the data as follows:
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9D, ( y(s),0 = const.)
os

This equation corresponds to the above-mentioned equation (2). Equation (21)

Di(y(5).0)= €2y

means that data are taken from different projections associated with parallel rays which are to
be considered. The differentiation step of equation (21) may, for example, be performed with
a Fourier filter. Next, the data are filtered with a 1/sin vy filter. For this, the filter directions are
determined first. They depend on the position of the focal spot and on the point onto which
the object point to be reconstructed is projected. Denoting the position of the object point as

X, equation (22), which corresponds to equation (5), defines the unit vector b:

b(s,x)=X—¥) . (22)
| x—y(s)|

That is to say, b points from the source to the object point. The filter directions
can be characterized by means of unit vectors e, which are perpendicular to b. The
relationship between e-vectors and filter lines is described in the appendix of “A quasiexact
reconstruction algorithm for helical CT using a 3-Pi acquisition” by C. Bontus et al, Med.
Phys. 30, 2493-2502 (2003). For every s and for every X, there can be one or more filter
directions which have to be used. Using b and e, the filtering step can be described by

equation (23), which corresponds to the above-mentioned equation (6):

N, =

P(sb)=Y | SEZT’Y’Y " (¥(s),cosYb+sinye, ) . (23)

9=l ¢

The summation over ¢ in equation (23) is performed because there can be
more than one filter direction. A definition of the vectors e is crucial for the described
embodiment. Once the filtered data have been obtained, the back-projection can be written

according to equation (24):

(=D

B ds
1= 2n2£|x—y<s>|

P(s,b(s,x)) : (24)

Within equation (24), “I”” denotes the back-projection interval for the

respective object point x.
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Certainly, the described procedure has to be applied separately to the circular
part and to the z-line part of the entire trajectory. In particular, y(s) in equations (21), (23)
and (24) corresponds to either yo(s) or y(s). Finally, the two results of equation (24) are
added together.

If a rebinning into parallel geometry is performed after the filtering step in
equation (23), the back-projection formula of equation (24) changes. In particular, the
formula for the circular part is the same as given in WO 2004/044849 A1l. For the z-line part,

the back-projection has to be formed via equation (25):

£ =0, 2 P, ) L)

if the parallel data are parameterized by focus detector coordinates, and via

f(x)= 212)]”61 COIS’“P( ve.b(ve,x)), 1=2Rcosp (26)

if the parallel data are parameterized by center detector coordinates. In these
equations, h was introduced above in defining y(s) = yir.(z=hs), and A corresponds to the cone

angle of a particular ray. The value of A can be computed from equation (27):

Ve

tanh =& =Yc 27
ank =—~=— (27)

An advantage of equations (25) and (26) compared with equation (24) is that
no object-point dependent factor |x-y| needs to be computed. This significantly reduces the
calculation time by reducing the computational burden for calculating a reconstructed image.
The filtered data have to be multiplied only by factors that depend on the detector coordinates
a, B, vp or ve.

In the following, an analysis of filter lines for the circular part will be
described.

As described in the cited “A quasiexact reconstruction algorithm for helical
CT using a 3-Pi acquisition” by C. Bontus et al, Med-Phys. 30, 2493-2502 (2003), it may be
advantageous to introduce a virtual planar detector containing the rotation axis. Coordinates

on this detector are denoted upr, and vpr, and the vpy -axis is parallel to the z axis. A line is
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considered containing the source and perpendicular to the planar detector. The point (upr, = 0,
vpr, = 0) corresponds to the point in which this line intersects the planar detector. Now, each

filter line can be described according to equation (28):
Vi (Up )=V, +0up, (28)

In other words, it corresponds to a straight line on the planar detector. In
general, the gradient ¢ is different for different filter lines.

For the described algorithm, the data obtained are filtered on the circular part
along lines parallel to the upr-axis, that is to say vpr, (upr) = vo. The different lines are
parameterized by vo. The filter direction goes from left to right.

In the following, an analysis of the filter lines for the z line part, i.e. the virtual detection data,
will be described.

For the parameterization of the filter lines for the z-line part, first the
projection of the circle onto the planar detector as seen from a source at z=z, will be

considered. In particular, this projection can be described as
z u
sz(upz)=—7°[1+(7fl)2] : (29)

Fig. 20 and Fig. 21 show the projections of the circle for two different z.
Particularly, Fig. 20 shows a projection of the circle onto the planar detector seen from zy<O0.
Fig. 21 shows a projection of the circle onto the planar detector seen from zy>0. The detector
area is divided into two regions A and B as shown in Fig. 20 and Fig. 21. If the object-point
is projected into region A, the projection data associated with a current source position is not
used for the reconstruction. Therefore, the data in region A should be set to zero. For region
B, preferred filter lines are defined in the following.

A line tangential to the projected circle can be parameterized using equation

(30):

Zolty

R2

vpzwpl):—%[u(%f]— (tpy —tty) - (30)
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In equation (30), uo is the coordinate at which the line is tangential. In
particular, if one looks for the tangential line containing the point (u;, v;), the parameter ug

can be computed according to equation (31):

uozuli\/u12+R2(l+2ﬁ) . (31)

Zy

The sign in front of the square root has to be chosen in dependence on whether
the tangential point is desired to be located left (minus) or right (plus) of (ui, vi).

The filter lines are sets of lines which are tangential to the projected circle.
Figs. 22 to 25 exemplify these lines. Fig. 22, Fig. 23 show filter lines with different filter
directions from left to right. Fig. 24, Fig. 25 show filter lines with filter directions from right
to left. In particular, the contributions of different filter lines are used for each point (upr,
vpr). Details on how these filter lines should be used for the combination of a circle and line
acquisition are disclosed in “Image reconstruction for the circle and line trajectory” by
A Katsevich, Phys.Med.Biol., 49, 5059-5072 (2004).

The reconstructed image of the field of interest is shown on the display unit 11
and the method of imaging a field of interest ends in step 106.

In the embodiment described above, short-scan data are used which
correspond to exactly 180° on the first trajectory, which in this embodiment is a circular
trajectory. In another embodiment over-scan data are also used. In order to use these over-
scan data, the reconstruction of an intermediate image in step 103, the forward-projection in
step 104, and the final reconstruction in step 105 are repeated for slightly different back-
projection intervals along the first trajectory which is, in particular, a circular trajectory. An
image of a field of view is reconstructed for each of these slightly different back-projection
intervals, and these reconstructed images are averaged with the use of appropriately chosen
weights.

For instance, if 50 is the starting angle of the preferred back-projection interval,
similar reconstructions can be performed for starting angles s50-5°, -2.5°, 50+2.5°, and s¢+5°.
The resulting image data may be added up using weights 1/9, 2/9, 3/9, 2/9, 1/9 for the images
obtained with starting angles s0-5°, 50-2.5°, so, $012.5°, and +5°, respectively.

Averaging may also be performed during the reconstruction step 105. If, for
example, in step 105 the first detection data are back-projected as described above, the first

detection data can be weighted with appropriately chosen weights before the first detection
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data are back-projected, i.e. the first detection data, which have been weighted with these
appropriately chosen weights, are back-projected.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive. The invention is not limited to the disclosed embodiments.

Other variations to the disclosed embodiments can be understood and effected
by those skilled in the art in practicing the claimed invention, from a study of the drawings,
the disclosure, and the appended claims.

For example, the invention is not limited to a first trajectory being a circular
trajectory, a second trajectory being a helical trajectory, and a virtual trajectory being a line
parallel to the z-axis. The invention may comprises any trajectory whatsoever. For example,
the virtual trajectory may also be a helical trajectory, and the second trajectory may be a line
parallel to the z-axis.

The invention may also be used if the field of interest does not contain any
moving element. Furthermore, the field of interest may comprise only technical objects.

The invention allows, in particular, a circular short-scan reconstruction
resulting in an excellent temporal resolution. Furthermore, in combination with a fast rotating
CT scanner, a single-cycle cardiograph reconstruction becomes possible. In particular, the
invention renders it possible, furthermore, to acquire data along the second trajectory with a
very low dose in an ungated manner, even if moving elements, like the human heart, are
present within the field of interest.

In the claims, the word "comprising" does not exclude other elements or steps,
and the indefinite article "a" or "an" does not exclude a plurality.

A computer program may be stored/distributed on a suitable medium, such as
an optical storage medium or a solid-state medium supplied together with or as part of other
hardware, or may alternatively be distributed in other forms, such as via the Internet or other
wired or wireless telecommunication systems.

Any reference signs in the claims should not be construed as limiting the

scope.
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CLAIMS:

1. Imaging system for imaging a field of interest, comprising:

- an irradiation unit (2) emitting radiation (4) for irradiating the field of interest,
- a moving unit (1, 7, 8) for moving the irradiation unit (2) relative to the field
of interest along a first trajectory (501) and for moving the irradiation unit (2) along a second
trajectory (503),

- a detection unit (6) for detecting first detection data depending on the radiation
(4) after passing through the field of interest when the irradiation unit (2) is moved along the
first trajectory (501), and for detecting second detection data depending on the radiation (4)
after passing through the field of interest when the field of interest is irradiated along the
second trajectory (501),

- a reconstruction unit (13) for reconstructing an intermediate image of the field
of interest from at least the second detection data and for reconstructing an image of the field
of interest from the first detection data and virtual detection data,

- a forward-projection unit (12) for determining the virtual detection data by

forward projection through the intermediate image.

2. Imaging system as claimed in claim 1, wherein the first trajectory (501) is
arranged within a plane that intersects the field of interest and wherein the second trajectory

(503) is arranged at least partially outside said plane.

3. Imaging system as claimed in claim 2,
wherein the moving unit (1, 7, 8) is adapted such that the first trajectory (501)

18 a circular trajectory.

4. Imaging system as claimed in claim 2,
wherein the moving unit (1, 7, 8) is adapted such that the second trajectory

(503) is a helical trajectory.
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5. Imaging system as claimed in claim 2,
wherein the reconstruction unit (13) is adapted such that only first detection
data which correspond to one or several sections on the first trajectory (501) are used for

reconstructing the image of the field of interest.

6. Imaging system as claimed in claim 5,

wherein the forward-projection unit (12) is adapted such that the forward
projection is done along a virtual trajectory (24) arranged such that it matches first detection
data which are used to reconstruct the image of the field of interest, so as to obtain complete

data for reconstructing the image of the field of interest.

7. Imaging system as claimed in claim 6,
wherein the forward-projection unit (12) is adapted such that the virtual
trajectory (24) is arranged such that it intersects the plane at the one or several sections on the

first trajectory (501).

8. Imaging system as claimed in claim 6,
wherein the forward-projection unit (12) is adapted such that the virtual
trajectory (24) is arranged such that it intersects the plane at an endpoint (25) of the one or

several sections on the first trajectory (501).

9. Imaging system as claimed in claim 6,
wherein the forward-projection unit (12) is adapted such that the virtual
trajectory (24) is a line perpendicular to the plane.

10. Imaging system as claimed in claim 5,
wherein the reconstruction unit (13) is adapted such that the first detection

data, which are used to reconstruct the image of the field of interest, are short-scan data.

11. Imaging system as claimed in claim 5,

wherein the reconstruction unit (13) is adapted such that the first detection
data, which are used to reconstruct the image of the field of interest, comprise several short-
scan data sets, wherein different short-scan data sets correspond to different sections on the

first trajectory (501).
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12. Imaging system as claimed in claim 1 or 2,

wherein the reconstruction unit (13) is adapted such that reconstructing the
intermediate image comprises the following steps:
- reconstructing voxels of the intermediate image which have not been
irradiated over an angular range of 360° along the first trajectory (501), by using the second
detection data,
- reconstructing voxels of the intermediate image which have been irradiated
over an angular range of 360° along the first trajectory (501), by using the first detection data

and the second detection data.

13. Imaging system as claimed in claim 1 or 2, wherein the reconstruction unit
(13) is adapted for exactly reconstructing at least one of the intermediate image and the
image of the field of interest, which is reconstructed from the first detection data and the

virtual detection data.

14. Image generation device (10) for generating an image of a field of interest, the
image generation device (10) being provided with first detection data detected by a detection
unit (6) when an irradiation unit (2) emitting radiation (4) for irradiating the field of interest
is moved relative to the field of interest along a first trajectory (501), the first detection data
being dependent on the radiation (4) after passing through the field of interest, and the image
generation device (10) being provided with second detection data detected by the detection
unit (6) when the irradiation unit (2) is moved relative to the field of interest along a second
trajectory (503), the second detection data being dependent on the radiation (4) after passing
through the field of interest, comprising:

- a reconstruction unit (13) for reconstructing an intermediate image of the field
of interest from at least the second detection data and for reconstructing an image of the field
of interest from the first detection data and virtual detection data,

- a forward-projection unit (12) for determining the virtual detection data by

forward projection of the intermediate image.

15. Imaging method for imaging a field of interest, comprising the steps of:
- irradiating the field of interest by means of an irradiation unit (2) that emits

radiation (4),



10

15

20

25

30

WO 2008/026153 PCT/IB2007/053442
32

- moving the irradiation unit (2) relative to the field of interest along a first
trajectory (501) and along a second trajectory (503) by means of a moving unit,

- detecting first detection data depending on the radiation (4) after passing
through the field of interest, when the irradiation unit (2) is moved along the first trajectory
(501), and detecting second detection data depending on the radiation (4) after passing
through the field of interest, when the field of interest is irradiated along the second trajectory
(503), by means of a detection unit (6),

- reconstructing an intermediate image of the field of interest from at least the
second detection data by means of a reconstruction unit (13),

- determining the virtual detection data by forward projection through the
intermediate image by means of a forward-projection unit (12),

- reconstructing an image of the field of interest from the first detection data and

virtual detection data by means of the reconstruction unit (13).

16. Image generation method for generating an image of a field of interest, the
image generation method using first detection data detected by a detection unit (6) when an
irradiation unit (2) emitting radiation (4) for irradiating the field of interest is moved relative
to the field of interest along a first trajectory (501), the first detection data being dependent
on the radiation (4) after passing through the field of interest, and the image generation
method using second detection data detected by the detection unit (6) when the irradiation
unit (2) is moved relative to the field of interest along a second trajectory (503), the second
detection data being dependent on the radiation (4) after passing through the field of interest,
comprising the steps of:

- reconstructing an intermediate image of the field of interest from at least the
second detection data by means of a reconstruction unit (13),

- determining virtual detection data by forward projection of the intermediate
image by means of a forward-projection unit (12),

- reconstructing an image of the field of interest from the first detection data and

the virtual detection data by means of the reconstruction unit (13).

17. Computer program for imaging a field of interest, comprising program code
means for causing an imaging system to carry out the steps of the method as claimed in claim
15 when the computer program is run on a computer that controls an imaging system as

claimed in claim 1 or 2.
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18. Computer program for generating an image of a field of interest, comprising
program code means for causing a computer to carry out the steps of the method as claimed
in claim 16 when the computer program is run on a computer that controls an image

generation device (10) as claimed in claim 14.
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